We have previously reported that growth factor receptorbound protein-7 (Grb7), an Src-homology 2 (SH2)-containing adaptor protein, enables interaction with focal adhesion kinase (FAK) to regulate cell migration in response to integrin activation. To further elucidate the signaling events mediated by FAK⅐Grb7 complexes in promoting cell migration and other cellular functions, we firstly examined the phosphorylated tyrosine site(s) of Grb7 by FAK using an in vivo mutagenesis. We found that FAK was capable of phosphorylating at least 2 of 12 tyrosine residues within Grb7, Tyr-188 and Tyr-338. Moreover, mutations converting the identified Tyr to Phe inhibited integrin-dependent cell migration as well as impaired cell proliferation but not survival compared with the wild-type control. Interestingly, the above inhibitory effects caused by the tyrosine phosphorylation-deficient mutants are probably attributed to their downregulation of phospho-Tyr-397 of FAK, thereby implying a mechanism by competing with wild-type Grb7 for binding to FAK. Consequently, these tyrosine phosphorylation-deficient mutants evidently altered the phospho-Tyr-118 of paxillin and phosphorylation of ERK1/2 but less on phospho-Ser-473 of AKT, implying their involvement in the FAK⅐Grb7-mediated cellular functions. Additionally, we also illustrated that the formation of FAK⅐Grb7 complexes and Grb7 phosphorylation by FAK in an integrin-dependent manner were essential for cell migration, proliferation and anchorage-independent growth in A431 epidermal carcinoma cells, indicating the importance of FAK⅐Grb7 complexes in tumorigenesis. Our data provide a better understanding on the signal transduction event for FAK⅐Grb7-mediated cellular functions as well as to shed light on a potential therapeutic in cancers.
Growth factor receptor bound protein-7 (Grb7) 2 is initially identified as a SH2 domain-containing adaptor protein bound to the activated EGF receptor (1) . Grb7 is composed of an N-terminal proline-rich region, following a putative RA (Rasassociating) domain and a central PH (pleckstrin homology) domain and a BPS motif (between PH and SH2 domains), and a C-terminal SH2 domain (2) (3) (4) (5) (6) . Despite the lack of enzymatic activity, the presence of multiple protein-protein interaction domains allows Grb7 family adaptor proteins to participate in versatile signal transduction pathways and, therefore, to regulate many cellular functions (4 -6) . A number of signaling molecules has been reported to interact with these featured domains, although most of the identified Grb7 binding partners are mediated through its SH2 domain. For example, the SH2 domain of Grb7 has been demonstrated to be capable of binding to the phospho-tyrosine sites of EGF receptor (1), ErbB2 (7), ErbB3 and ErbB4 (8) , Ret (9), platelet-derived growth factor receptor (10), insulin receptor (11), SHPTP2 (12) , Tek/Tie2 (13) , caveolin (14) , c-Kit (15), EphB1 (16) , G6f immunoreceptor protein (17) , Rnd1 (18) , Shc (7), FAK (19) , and so on. The proceeding ␣-helix of the PH domain of Grb7 is the calmodulinbinding domain responsible for recruiting Grb7 to plasma membrane in a Ca 2ϩ -dependent manner (20) , and the association between the PH domain of Grb7 and phosphoinositides is required for the phosphorylation by FAK (21) . Two additional proteins, NIK (nuclear factor B-inducing kinase) and FHL2 (four and half lim domains isoform 2), in association with the GM region (Grb and Mig homology region) of Grb7 are also reported, although the physiological functions for these interactions remain unknown (22, 23) . Recently, other novel roles in translational controls and stress responses through the N terminus of Grb7 are implicated for the findings of Grb7 interacting with the 5Ј-untranslated region of capped targeted KOR (kappa opioid receptor) mRNA and the Hu antigen R of stress granules in an FAK-mediated phosphorylation manner (24, 25) .
Unlike its member proteins Grb10 and Grb14, the role of Grb7 in cell migration is unambiguous and well documented. This is supported by a series of studies. Firstly, Grb7 family members share a significantly conserved molecular architecture with the Caenorhabditis elegans Mig-10 protein, which is involved in neuronal cell migration during embryonic develop-ment (4, 5, 26) , suggesting that Grb7 may play a role in cell migration. Moreover, Grb7 is often co-amplified with Her2/ ErbB2 in certain human cancers and tumor cell lines (7, 27, 28) , and its overexpression resulted in invasive and metastatic consequences of various cancers and tumor cells (23, 29 -33) . On the contrary, knocking down Grb7 by RNA interference conferred to an inhibitory outcome of the breast cancer motility (34) . Furthermore, interaction of Grb7 with autophosphorylated FAK at Tyr-397 could promote integrin-mediated cell migration in NIH 3T3 and CHO cells, whereas overexpression of its SH2 domain, an dominant negative mutant of Grb7, inhibited cell migration (19, 35) . Recruitment and phosphorylation of Grb7 by EphB1 receptors enhanced cell migration in an ephrin-dependent manner (16) . Recently, G7-18NATE, a selective Grb7-SH2 domain affinity cyclic peptide, was demonstrated to efficiently block cell migration of tumor cells (32, 36) . In addition to cell migration, Grb7 has been shown to play a role in a variety of physiological and pathological events, for instance, kidney development (37) , tumorigenesis (7, 14, 38 -41) , angiogenic activity (20) , proliferation (34, 42, 43) , antiapoptosis (44) , gene expression regulation (24) , Silver-Russell syndrome (45) , rheumatoid arthritis (46) , atopic dermatitis (47) , and T-cell activation (17, 48) . Nevertheless, it remains largely unknown regarding the downstream signaling events of Grb7-mediated various functions. In particular, given the role of Grb7 as an adaptor molecule and its SH2 domain mainly interacting with upstream regulators, it will be interesting to identify potential downstream effectors through interacting with the functional GM region or N-terminal proline-rich region.
In this report, we identified two tyrosine phosphorylated sites of Grb7 by FAK and deciphered the signaling targets downstream through these phosphorylated tyrosine sites to regulate various cellular functions such as cell migration, proliferation, and survival. In addition, our study sheds light on tyrosine phosphorylation of Grb7 by FAK involved in tumorigenesis.
EXPERIMENTAL PROCEDURES
Reagents-Protein A-Sepharose 4B, human plasma fibronectin, poly-L-lysine, 5Ј-bromo-2-deoxyuridine (BrdUrd), puromycin, and mouse monoclonal ␣-vinculin and ␣-BrdUrd antibodies were purchased from Sigma-Aldrich (St. Louis, MO). Lipofectamine 2000 TM , Dulbecco's modified Eagle's medium (DMEM), F-12 medium, CO 2 -independnet medium, and Opti-MEM were from Invitrogen. The mouse ␣-phosphotyrosine monoclonal antibody PY99, ␣-tubulin, and the rabbit polyclonal ␣-Grb7 (N-20), ␣-Grb10, ␣-Grb14, ␣-FAK (C-20), ␣-HA (Y-11), ␣-GFP, ␣-tubulin, and ␣-actin antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The rabbit polyclonal, ␣-pY397-FAK, ␣-pY861-FAK, ␣-pY925-FAK, and ␣-pY118-paxillin antibodies were from BD Transduction Laboratories. The rabbit polyclonal ␣-ERK1/2, ␣-pERK (pT202/ pY204), ␣-38 MAPK, ␣-phospho-p38 MAPK (Thr-180/Tyr-182), and the monoclonal ␣-SAPK/JNK, ␣-phospho-SAPK/ JNK (Thr-183/Tyr-185), ␣-AKT, and ␣-pS473-AKT antibodies were from Cell Signaling (Danvers, MA). The PD98059 was purchased from Calbiochem.
Cell Culture-The A431 epithelial carcinoma cells and 293T human kidney epithelial cells were maintained in DMEM supplemented with 10% fetal bovine serum (Invitrogen). Mouse fibroblast NIH 3T3 cells were cultured in DMEM containing 10% calf serum (Invitrogen), and the CHO cells were grown in F-12 medium (Invitrogen) containing 10% fetal bovine serum. The NIH 3T3 cells with stably expressing triple HA-tagged wild-type Grb7 and its point mutation mutants were generated by co-transfection of pKH3-Grb7 or its mutants along with the plasmid pPUR (containing a puromycin-resistant cassette) in a 10:1 ratio using Lipofectamine 2000 TM transfection reagent (Invitrogen) according to the manufacturer's instructions, followed by selection and maintenance in the presence of 1.5 g/ml puromycin culture medium. All cells were cultured under 5% CO 2 at a 37°C incubator.
Construction of Expression Vectors-The expression plasmids encoding Grb7, including pKH3-Grb7, pKH3-SH2, pKH3-Pro-GM,pKH3-Pro-GM-FAT,pDH-GST-Grb7,pHANGrb7, and pKH3-R239L, and plasmids pEGFP-FAK and pKH3-FAK have been described previously (19, 21, 35) . Using pKH3-Grb7 as a template, individual point mutation, whose tyrosine residue is converted to phenylalanine (F), for each tyrosine residue within Grb7 was generated by an overlapping PCR mutagenesis method, as described previously (21) , using the following primer sets (underlining represents the mutated amino acid sequences): 5Ј-AAGGTGTTCAGTGAGGAT-GGG-3Ј (sense) and 5Ј-CCCATCCTCACTAACCACCTT-3Ј (antisense) for Y107F; 5Ј-CTTCGCCAAGTTCGAACTGTT-CAAGAGC-3Ј (sense) and 5Ј-GCTCTTGAACAGTTCGAA-CTTGGCGAAG-3Ј (antisense) for Y188F; 5Ј-CGATCTGGC-CTCTTTTACTCCACCAAGG-3Ј (sense) and 5Ј-CCTTGGT-GGAGTAAAAGAGGCCAGATCG-3Ј (antisense) for Y259F; 5Ј-CGATCTGGCCTCTATTTCTCCACCAAGG-3Ј (sense) and 5Ј-CCTTGGTGGAGAAATAGAGGCCAGATCG-3Ј (antisense) for Y260F; 5Ј-GGCACCTGCAGTTCGTGGCAG-ATG-3Ј (sense) and 5Ј-CATCTGCCACGAACTGCAGGT-GCC-3Ј (antisense) for Y274F; 5Ј-AGTCCAACGTGTTCGTG-GTGACGC-3Ј (sense) and 5Ј-GCGTCACCACGAACACGT-TGGACT-3Ј (antisense) for Y284F; 5Ј-GCCGCAAGCTGTT-CGGGATGCCC-3Ј (sense) and 5Ј-GGGCATCCCGAACAG-CTTGCGGC-3Ј (antisense) for Y293F; 5Ј-CCTCTTCAACTT-CGGGGTGCAGCTG-3Ј (sense) and 5Ј-CAGCTGCACCCC-GAAGTTGAAGAGG-3Ј (antisense) for Y338F; 5Ј-GGGGTG-CAGCTGTTCAAGAATTACC-3Ј (sense) and 5Ј-GGTAAT-TCTTGAACAGCTGCACCCC-3Ј (antisense) for Y343F; 5Ј-TACAAGAATTTCCAGCAGGC-3Ј (sense) and 5Ј-GCCTG-CTGGAAATTCTTGTA-3Ј (antisense) for Y346F; 5Ј-AAAG-TGAAGCATTTTCTCATCCTGC-3Ј (sense) and 5Ј-GCAG-GATGAGAAAATGCTTCACTTT-3Ј (antisense) for Y480F; 5Ј-AGGGTCGCCTGTTCTTCAGCATGGATG-3Ј
(sense) and 5Ј-CATCCATGCTGAAGAACAGGCGACCCT-3Ј (antisense) for Y492F; 5Ј-ACTTCGCCAAGGAAGAACTGTT-3Ј (sense) and 5Ј-AACAGTTCTTCCTTGGCGAAGT-3Ј (antisense) for Y188E; and 5Ј-TCTTCAAGGAAGGGGTGCA-GCT-3Ј (sense) and 5Ј-AGCTGCACCCCTTCCTTGAAGA-3Ј (antisense) for Y338E. The final PCR products were digested with EcoRI and then inserted into pKH3 or pHAN vector at the corresponding site to generate pKH3-Y107F to pKH3-Y492F, respectively.
Immunoprecipitation and Western Blotting Analyses-Subconfluent cells were washed twice with ice-cold phosphatebuffered saline and then lysed with 1% Nonidet P-40 lysis buffer (20 mM Tris, pH 8.0, 137 mM NaCl, 1% Nonidet P-40, 10% glycerol, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml aprotinin, and 20 mg/ml leupeptin) on the ice at least 10 min. Next, lysates were collected and clarified by centrifugation for 20 min at 4°C, and total protein concentration was determined using the Bio-Rad Protein Assay according to the manufacturer's instructions. Immunoprecipitations were carried out by incubating cell lysates with antibodies as indicated for 3 h at 4°C, followed by incubation for 1 h with protein A-Sepharose 4B beads (Sigma-Aldrich). Washing four times with lysis buffer, immune complexes were resolved using SDS-PAGE. Western blotting was proceeded using horseradish peroxidase-conjugated IgG as a secondary antibody and the Western Lightning-ECL system (PerkinElmer Inc.) for detection.
Cell Motility Assay-Cell motility assays for transiently transfected CHO cells were performed as described below. Briefly, CHO cells were co-transfected with a combination of the indicated expression vectors and pEGFP vector in a 5:1 ratio (3 g of total plasmid DNA) using Lipofectamine 2000 TM (Invitrogen) according to the manufacturer's instructions. Two days after transfection, the cells were trypsinized and replated onto a 60-mm tissue culture dish that had been coated with 5 g/ml human plasma fibronectin. After 2-h incubation in a 5% CO 2 incubator at 37°C, the medium was replaced with CO 2 -independent medium (Invitrogen) supplemented with 0.1% fetal bovine serum, and the cells were transferred into a humidified 37°C chamber at atmospheric CO 2 . A fluorescent image was captured to detect GFP. (i.e. positively transfected) cells. Time-lapse phase-contrast images were then captured at 15-min intervals using the Image-Pro Plus software program v3.0 and its specific cell motility macro called OMAware (Image Acquisition and Object Motility Analysis) v1.1 for Windows NT v4.0. These phase-contrast images were converted to black and white images using OMAware and saved as JPEG images. The OMAware program was then used to determine the velocity, distance traveled, and migration path for each cell based on its centroid as determined from the cell boundaries in the JPEG images. The velocity of each transfected cell (GFPϩ) was calculated relative to the mean velocity of the control (GFPϪ) cells. Data were collected using ϳ30 positively transfected cells in three independent experiments for each expression vector.
Wound Healing Assay-Cells were cultured on the 60-mm culture plates until forming confluent monolayers followed by serum starvation for 12 h. Wounds were created in a line across the plates by scrapping in a 200-l standard pipette tip. The wounded monolayers were then washed twice with serum-free media to remove cell debris and incubated with DMEM with 0.2% serum. Photographs were taken at 0 h and 20 or 24 h using a charge-coupled device camera (DP70, Olympus, Japan) connected to an inverted microscope (IX71, Olympus, Japan). Quantitative analysis of wound healing was determined by calculating the percentage of cells moved into the wounded space of each cell lines.
Cell Migration Assay-Cell migration assays were carried out using a Neuro Probe (Cabin John, MD) 48-well chemotaxis Boyden chamber as described previously (19) . Approximately 1 ϫ 10 5 cells were resuspended in DMEM and added in the upper wells of the Boyden chamber, and the cells were allowed to migrate toward fibronectin (10 g/ml) in DMEM as the chemoattractant or DMED only as a control in the lower wells for 6 h in a 37°C humidified incubator. At the end of experiments, cells on the upper side of the polycarbonate membrane were removed and the bottom-side cells were fixed with methanol for 8 min and stained with crystal violet (Sigma-Aldrich). The migrated cells were counted from five randomly selected fields of each well under light microscope at 20ϫ magnification using Image-Pro Plus software, version 3.0 (Media Cybernetics, Silver Spring, MD).
BrdUrd Incorporation Assay-The subconfluent cells were firstly serum-starved for 24 h in DMEM with 0.5% fetal bovine serum or calf serum according to the cell lines used to arrest the cells in G 0 phase. They were then washed twice with DMEM and incubated for 24 h in DMEM plus 10% serum plus 100 M BrdUrd (Sigma-Aldrich). Next, cells were fixed in 4% paraformaldehyde for 15 min at room temperature, followed by trypsinization with 0.4% Triton X-100 for 8 min, and cellular DNA was digested with 0.5 unit/l DNase I (New England Biolabs, Inc.) for 30 min at 37°C. Cells were stained for 1 h with the affinity-purified mouse anti-BrdUrd antibody (1:200, SigmaAldrich), followed by 1-h exposure to streptavidin-conjugated Texas-Red (Amersham Biosciences). Cells were then counted in multiple fields and scored for BrdUrd-positive staining in each independent experiment.
Cell Survival Assay-NIH 3T3 cells were counted in a hemocytometer and seeded the same amount of cells at a confluence of 90% in the 6-well culture plates in DMEM plus 10% calf serum to allow growth overnight, followed by replaced with low serum DMEM containing 0.1% bovine serum albumin and 0.2% calf serum as described previously (49) . At each indicated time point, the adherent cells were trypsinized and then collected by centrifugation at 1060 rpm for 5 min. Then, the numbers of trypan blue-positive dead cells and trypan blue-negative alive cells were counted on a hemocytometer under a microscope (IX71, Olympus, Japan).
Lentiviral Production and Infection-Lentiviruses encoding Grb7 small-hairpin RNAs (shRNA) or Luciferase small-hairpin RNA (shLuc) was obtained from the TRC lentiviral shRNA library in the National RNAi Core Facility of Academia Sinica, Taiwan. The targeting sequences of various shRNAs were as follows: #12 (clone ID: TRCN0000061386) 5Ј-GCCATCTGC-ATCCATCTTGTT-3Ј and #13 (clone ID: TRCN0000061387) 5Ј-CCAGGGCTTTGTCCTCTCTTT-3Ј are derived from Grb7. Production of lentiviruses was processed according to the guidelines of Broad Institute (available on the web). Briefly, 293T cells were co-transfected by individual pLKO.1-shRNA construct, the packaging plasmid pCMV-⌬R8.91 (containing gag, pol, and rev genes), and the envelope plasmid pMD.G (VSV-G expressing plasmid) in a 10:9:1 ratio. Two days after the transfection, a fraction of unconcentrated medium supernatant (containing shRNA lentiviruses) was added to cells followed by puromycin (2 g/ml) selection for 3 days. The efficiency and specificity of knocking down Grb7 were examined by Western blotting using various antibodies as indicated.
Soft Agar Assay-Anchorage-independent growth was examined using soft agar assays. Briefly, the bottom layers of 6-well plates containing 0.5% agar in DMEM were prepared. Approximately 5 ϫ 10 4 cells were seeded in a 1.5-ml volume of 0.35% agar containing DMEM/10% fetal bovine serum over the bottom agar layer and allowed to incubate for 2 weeks in a 37°C, 5% CO 2 humidified incubator and supplemented twice a week with complete medium. After the second week of treatment, viable colonies were assessed by the naked eye directly and by microscopy. Colony numbers were scored using a phase-contrast microscope at 20ϫ magnification. Images were captured using Image-Pro Plus software under a light microscope (IX71, Olympus, Japan) and a 20ϫ objective lens (Olympus) equipped with a chargecoupled device camera (DP70, Olympus, Japan).
RESULTS

Identification of Grb7 Tyrosine Phosphorylation Sites by FAK-
We have previously shown that the formation of FAK⅐Grb7 complexes could promote cell migration, in which the tyrosine phosphorylation of Grb7 by FAK is essential (19, 21, 35) . To further confirm that the tyrosine phosphorylation of Grb7 is orchestrated in an integrin-FAK⅐Grb7 signaling pathway, we examined the tyrosine phosphorylation of Grb7 by replating Grb7-tranfected CHO cells on fibronectin (in a serum-free condition) in a time-dependent manner. As expected, we observed that the occurrence of tyrosine phosphorylation of Grb7 was in concordance with the tyrosine phosphorylation of FAK in response to integrin activation (Fig. 1A) , suggesting that the tyrosine phosphorylation of Grb7 takes place in integrin/ FAK-mediated signaling pathways.
Because FAK serves as a tyrosine kinase for Grb7, we aim to determine the phosphorylation site(s) of Grb7 by FAK. We first attempted to delineate which part(s) or domain(s) of Grb7 were being potentially phosphorylated by FAK. To do so, CHO cells were co-transfected with GFP-FAK and various Grb7 truncated constructs. As shown in Fig. 1B , we found that the SH2 domain alone and the Pro-GM-FAT, whose carboxyl SH2 domain is replaced by the FAT sequence of FAK (by fusing the FAT, focal adhesion targeting, sequence to the Grb7 C terminus (50)), could be phosphorylated by FAK, indicating that both GM and SH2 domains could be phosphorylated by FAK. Interestingly, no phosphorylation occurred in the Pro-GM construct, suggesting the requirement of a physical interaction with FAK (via the SH2 domain binding of Grb7 to the phospho-Tyr-397 of FAK) or focal adhesion localization to facilitate Grb7 phosphorylated by FAK. Thus, the results could not provide a delimited region where tyrosine phosphorylation may occur. Under this circumstance, we next utilized a site-directed mutagenesis overlapping PCR method to generate point mutation constructs for each tyrosine residue within Grb7 by converting individual tyrosine residue into phenylalanine (Tyr 3 Phe). Herein, all of 12 resultant mutants (Tyr 3 Phe) are designated as Y107F, Y188F, Y259F, Y260F, Y274F, Y284F, Y293F, Y338F, Y343F, Y346F, Y480F, and Y492F, respectively ( Fig. 2A) . While co-transfection of these mutants (Tyr 3 Phe) with GFP-FAK into CHO cells and followed by Western blotting analyses as described above, two tyrosine-to-phenylalanine mutants, Y188F and Y338F, exhibited a significantly decreased tyrosine phosphorylation compared with that of wild-type Grb7 (Fig.  2B) . Together, these results suggest that at least two tyrosine residues of Grb7 are capable of being phosphorylated by FAK upon formation of complexes with FAK and that the Tyr-338 is the truly phosphorylated site by FAK.
Phosphorylation of Grb7 at Tyr-188 and Tyr-338 Is Essential for Integrin-FAK⅐Grb7-dependent Cell Migration-To characterize the roles of tyrosine phosphorylation of Grb7, a computerized-based cell motility assay was firstly proceeded to examine the effects of its tyrosine-to-phenylalanine mutants on cell motility. Each mutant was assessed, and data were collected using ϳ30 positively transfected cells in three independent experiments. We observed that both of Y188F and Y338F mutants were defective in cell motility compared with the wild type or other mutants except Y492F (Fig. 2C) , which is consistent with reduced tyrosine phosphorylation on these two mutants. These results have therefore provided an insight on the requirement of Grb7 phosphorylation of Tyr-188 and Tyr-338 in integrin-FAK⅐Grb7-mediated cell migration. In addition, we performed other cell motility assays, such as wound healing assays and modified Boyden chamber assays, to ensure the migratory effect of these of tyrosine phosphorylation of Grb7-deficient mutants in NIH 3T3 cells that stably express the wildtype Grb7 or the point mutation mutants (Fig. 3B) . Likewise, the tyrosine residues, Tyr-188 and Tyr-338, are phosphorylated targets of FAK in NIH 3T3 cells (Fig. 3A) . As a control, the R239L mutant has been shown previously to be incapable of binding D3-phosphoinositides to its PH domain, thereby preventing Grb7 phosphorylation by FAK in an integrin-dependent manner (21) . Consistently, compared with the mock cells, all of the tyrosine phosphorylation-deficient mutants, including Y188F, Y338F, and R239L, markedly decreased cell migration in the wound healing assay on fibronectin, because the cell growth rates did not show differences between the wild type and these mutants during the assay (Fig. 3B and data not shown). On the contrary, overexpression of the wild-type Grb7 could slightly increase cell migration compared with the mock control. Furthermore, employing the modified Boyden chamber assay, we again found that Grb7 phosphorylations of Tyr-188 and Tyr-338 were crucial for cells migrating toward fibronectin, because an approximate 40 -80% reduction in cell migration in these tyrosine phosphorylation-deficient mutants was seen compared with the wild-type and mock controls (Fig.  3C) . In addition, a double tyrosine-to-phenylalanine mutant, Y188F,Y338F (both Tyr-188 and Tyr-338 are converted into phenylalanine), exhibited a similar inhibitory effect. Conversely, the conversion of tyrosine to glutamic acid at Tyr-188 and Tyr-338, which mimicked the phosphorylated state of these tyrosine residues, apparently elevated cell migration to the extent of that of the wild type. To ensure the above effects indeed resulted from these tyrosine phosphorylation-deficient mutants, on the other hand, addition of lentiviruses encoding Grb7 shRNAs (for their knockdown efficiency and specificity, see also below in Fig. 7 ) significantly rendered a reversal migratory effect caused by these tyrosine phosphorylation-deficient mutants (Fig. 3D , upper panel) in correlation with the decrease or disappearance of their expressions in these NIH 3T3 stable cell lines (Fig. 3D, bottom panel) . Notably, the motility for the mock control displayed equivalently in the absence and presence of Grb7 shRNAs, which might be explained by no change of endogenous proteins (NIH 3T3 cells do not contain detectable endogenous Grb7) by which the specificity of these shRNAs per se is indicated as well. Taken together, these results demonstrated that the phosphorylation of Grb7 at Tyr-188 and Tyr-338 by FAK plays an important role in mediating cell migration in an integrin-dependent manner.
Involvement of Grb7 Phosphorylation at Tyr-188 and Tyr-338 in FAK-mediated Cell Proliferation but Modest in Sur-
vival-In line with the role of Grb7 acting as a mediator downstream of FAK-mediated signaling, we examined the effect of Grb7 in regard to the other cellular function regulated by FAK, such as cell proliferation. To test whether the tyrosine phosphorylation of Grb7 at Tyr-188 and Tyr-338 also participates in FAK-mediated cell proliferation, BrdUrd incorporation assays were performed. We found that cell proliferation was decreased in Y188F, Y338F, Y188 -338F, and R239L mutants compared with the wild type and mock controls in NIH 3T3 cells (Fig. 4A) . On the contrary, Y188E and Y338E showed no effect on cell proliferation. These data suggest that Grb7 may be involved in the regulation of cell proliferation in a tyrosine-phosphorylation manner.
Remaining consistent with the enzyme-substrate relationship, in Fig. 2B , we have noticed that the tyrosine phosphorylation of Grb7 is more prominent in the presence of FAK overexpression. We further examined the effect of Grb7 phosphorylated by FAK in cell proliferation when FAK is activated by overexpression. Similarly, these tyrosine-deficient mutants showed an equivalently inhibitory effect on cell proliferation compared with the wild type or mock control, supporting the signaling role of the tyrosine phosphorylation of Grb7 in FAK-mediated cell proliferation (data not shown).
In addition, NIH 3T3 cells expressing the tyrosine phosphorylation of Grb7-deficient mutants with FAK caused a modest difference in cell survival in a time-dependent manner under a low serum condition compared with the wild-type Grb7 and mock controls, even in the presence of FAK overexpression (Fig. 4B and data not shown) . Taken together, these results reveal that the phospho-Tyr-188 and phospho-Tyr-338 of Grb7 are also crucial for FAK-mediated cell proliferation but modest for cell survival.
Down-regulation of FAK Phosphorylation and Signaling by Tyrosine Phosphorylation-deficient Mutants of Grb7-Next, we sought to address how the tyrosine-deficient mutants led to the inhibitory effects observed above. First, to exclude a gross conformation change of these tyrosine phosphorylation-deficient mutants, which might cause the loss of their interaction with FAK, we examined the ability of the interaction between FAK and Y188F or Y338F. As expected, Fig. 5A shows that both mutants could remain in association with FAK to a comparable level as the wild-type Grb7 (we did not observe much difference in the binding affinity with FAK for the wild-type or Y188F/ Y338F mutants). However, surprisingly, we found that either Y188F or Y338F mutant-associated FAK displayed lower phospho-Tyr-397 contents (upper panel, Fig. 5A ), implying that the Grb7 tyrosine phosphorylation-deficient mutants may act as negative trap mutants for FAK activation and signaling. To further examine the effect of the Grb7 tyrosine phosphorylation- (12CA5, bottom panel) . Two tyrosine mutants, Y188F and Y338F, exhibited reduction of their tyrosine phosphorylated levels by FAK. B, cell lysates from several NIH 3T3 clones with stably expressing Grb7 or its mutants, such as Y188F, Y274F, Y338F, and R239L, were analyzed by Western blotting with polyclonal anti-HA antibody (Y-11, upper panel) against the exogenous Grb7 expressions and monoclonal anti-vinculin antibody (bottom panel) as a loading control. In addition, one representative clone with stably expressing Grb7 or its mutants was subjected to wound healing assays as described under "Experimental Procedures." Various Grb7 stably expressing NIH 3T3 cells were plated on fibronectin-coated plates (10 g/ml), and a wound was made by scraping cell monolayer with a pipette tip (0 h) as indicated. The cells were then washed and incubated for 24 h to allow migration into the wounded area (24 h). Quantitation of cell migration was achieved by counting the number of cells that had migrated into the cell-free space. Four different areas were randomly chosen from each wounded area, and three independent experiments are shown. In comparison with cells stably expressing wild-type Grb7 (f) or mock cells (Ⅺ), Y188F (OE), Y338F (X), and R239L (*) markedly reduced wound healing. C, one representative clone with stably expressing Grb7, as indicated, was subjected to cell migration assays toward fibronectin (10 g/ml) using a modified Boyden chamber as described under "Experimental Procedures." Mean cells counts from at lest nine fields of polycarbonate membrane (under the 20ϫ objective microscopic lens, Olympus IX71) and three experiments are shown. Error bars represent Ϯ S.D. D, one representative stably expressing Grb7 clone either infected with lentiviruses encoding short hairpin Grb7 (shGrb7) or luciferase (shLuc), as indicated, was subjected to cell migration assays toward fibronectin (10 g/ml) using a modified Boyden chamber. Mean cells were counted, as above, and three experiments are shown. Error bars represent Ϯ S.D. *, p Ϲ 0.01. deficient mutants on FAK signaling, we found that phosphoTyr861 but not phospho-Tyr925 is suppressed (Fig. 5B) . The double tyrosine mutant, Y188F,Y338F, appeared to have a more profound effect than the individual tyrosine phosphorylationdeficient mutant, perhaps being due to nearly abrogation of tyrosine phosphorylation of this mutant by FAK. Interestingly, the phospho-Tyr-397 and phospho-Tyr861 of FAK were augmented during overexpression of wild-type Grb7 (Fig. 5B) .
The inhibitory effects caused by these tyrosine phosphorylation-deficient mutants could presumably act by competing with wild-type Grb7 for binding to FAK thus reducing phosphorylation of the endogenous Grb7 by FAK. Although we were unable to detect any endogenous Grb7 in NIH 3T3 cells, it was evidently that the reduced exogenous wild-type Grb7 bound to FAK while increasing the expressions of Y338F tyrosine phosphorylation-deficient mutant in NIH3T3 cells in association with the decreased phospho-Tyr-397 of FAK (Fig. 5C ).
Taken together, we hypothesize that these Grb7 tyrosine phosphorylation-deficient mutants bind to FAK in a phosphoTyr-397-independent manner to suppress FAK phosphorylation, which may result in deficiency of FAK⅐Grb7-mediated signaling axis due to lack of phospho-Tyr-397. Thus, proper interaction and phosphorylation of Grb7 by FAK are essential for initiating the downstream signaling events.
Regulation of Phospho-Tyr-118 Paxillin, Erk1/2 Phosphorylation, and AKT Activity by FAK⅐Grb7 Complexes-To explore how FAK⅐Grb7-mediated signal pathways are involved in the regulation of the aforementioned cellular functions, a variety of known downstream signaling targets, such as phospho-paxillin, AKT activity, and MAPK cascades, of FAK were assayed. As shown in Fig. 6A (upper panel) , the tyrosine phosphorylationdeficient mutants (i.e. Y188F, Y338F, and R239L), but not the wild-type or the non-phosphorylation-deficient mutant (i.e. Y274F), diminished the phospho-Tyr-118 of paxillin, which is essential for cell migration as described previously (51) . Accordingly, this result can explain the observation of the tyrosine phosphorylation of Grb7-deficient mutants resulting in impaired cell migration (Figs. 2C and 3) . The phosphorylation of Erk1/2 but not JNK (C-Jun N-terminal kinase) or p38 was also decreased in the tyrosine phosphorylation-deficient mutants compared with the wild-type or the Y274F mutant. Alternatively, to further evaluate the requirement of FAK activity for Grb7 in the regulation of Erk1/2 phosphorylation, NIH 3T3 cells co-expressed Grb7 and the kinase dead (KD) mutant of FAK evidently resulted in a decreased phosphorylation of Erk1/2 in concert with the reduction of tyrosine phosphoryla- A, cells were co-transfected with pEGFP-FAK and pKH3-Grb7, pKH3-Y188F, or pKH3-Y338F, as indicated. They were lysed and immunoprecipitated by polyclonal anti-HA antibody (Y-11) against HA-Grb7 and its mutants followed by Western blotting with phosphotyrosine antibody (PY99), monoclonal anti-HA antibody (12CA5), phospho-Tyr-397 antibody, or polyclonal anti-GFP antibody. The positions of phosphorylated Grb7, total Grb7, and associated FAK are marked. B, cells were transfected with pKH3-Grb7, pKH3-Y188F, pKH3-Y338F, pKH3-Y188,338F (a double mutant for both tyrosine 188 and 338 to phenylalanine) or pKH3 vector alone, as indicated. They were lysed and immunoprecipitated by polyclonal anti-GFP antibody against GFP-FAK followed by Western blotting analyses with phospho-Tyr-397, phospho-Tyr861, phospho-Tyr925 antibodies, polyclonal anti-GFP (for GFP-FAK) antibody, anti-HA (for HA-Grb7) antibody (Y-11), or anti-phospho-Grb7 (pY99) antibody. C, cells were co-transfected with pEGFP, pDH-GST-Grb7 (wild-type Grb7 tagged with GST at its N terminus), and pKH3-Y338F with various amounts as indicated. Cell lysates were collected and immunoprecipitated by polyclonal anti-FAK antibody (C-20) followed by Western blotting with anti-phospho-Tyr-397, total FAK (GFP-FAK), anti-GST against GST-Grb7 (wild-type), and anti-HA (12CA5) against HA-Y338F, respectively.
tion of Grb7, whereas the co-expression of Grb7 and wild-type FAK stimulated Erk1/2 phosphorylation compared with the mock control (Fig. 6B) . With respect to the defects in cell proliferation mediated by the tyrosine phosphorylation of Grb7-deficient mutants (Fig. 4) , the reduced phosphorylation of Erk1/2 was perhaps responsible for this negative outcome of cell proliferation but not cell migration. In accordance with this idea, we found that the effects of cell migration among the wildtype Grb7 or its tyrosine phosphorylation-deficient mutants were equivalent regardless of the presence or absence of PD98059, an inhibitor of MEK1 blocking the phosphorylation of Erk1/2 (data not shown), thereby suggesting that the phosphorylation of Erk1/2 is probably mainly responsible for cell proliferation in FAK⅐Grb7-mediated signaling. Finally, AKT has long been thought to act as an important regulator in cell survival. Here, we showed that the activity of AKT was modestly inhibited by these Grb7 tyrosine phosphorylation-deficient mutants (Fig. 6A) , consistent with the less important role for Grb7 in FAK-mediated cell survival.
FAK⅐Grb7 Complexes Regulate Cell Proliferation, Migration, and Anchorage-independent Growth in Cancer Cells-Previous studies showed that Grb7 is often co-amplified with Her2/ ErbB2 in numerous cancers (29 -32) , highlighting its potential role in tumor progress. Thus, we further examined whether the formation and signaling of FAK⅐Grb7 complexes contribute to tumorigenesis and/or tumor progression. The A431 cell line, an epithelial carcinoma cell line, was used to test this hypothesis due to the abundant expressions of Grb7 as well as FAK (data not shown). Consistently, we found that, in A431 cells, the elevated tyrosine phosphorylation of endogenous Grb7 was robust in response to cell adherent onto fibronectin, which is in concordance with FAK activation as seen in the presence of phospho-Tyr-397, suggesting that the formation of FAK⅐Grb7 complexes could serve as a prominent signal transducer in integrin-mediated signaling in tumor cells (Fig. 7A) . Interestingly, we also noticed that the formation of endogenous FAK⅐Grb7 complexes was detected in a phospho-Tyr-397-independent manner, although Grb7 still remained little tyrosine phosphorylated while A431 cells adhered to poly-L-lysine (Fig. 7A, lane  1) . Likewise, the formation of FAK⅐Grb7 complexes, although to a less extent, was also observed during A431 cell suspension (Fig. 7A, lane 3) . These results are consistent with the above observations in regard to the preferential binding of the tyrosine phosphorylation-deficient mutants to FAK in a Tyr-397-independent manner in NIH 3T3 cells (Fig. 5) .
Next, we took advantage of a lentivirus-based gene-knockdown approach that allowed us to knock down Grb7 expression up to 90 -100% in A431 cells but not influence the expressions of FAK or two other Grb7 family members, Grb10 and Grb14 (Fig. 7B) . Interestingly, we have seen that the phospho-Tyr-397 of FAK was dramatically decreased when Grb7 was knocked down, implying an intimate signaling link between FAK and Grb7 in A431 cells. Hence, these lentivirus-transducing cells were subjected to being used for analyzing the effect on cell migration by conducting wound healing assays. As shown in Fig. 7C , the knockdown of Grb7 exhibited a delayed migration into wounded space compared with the lentivirus control, shLuc. A reversal of the inhibitory effect caused by the knockdown of Grb7 was seen while re-expressing exogenous Grb7 in the lentivirus-transducing A431 cells (Fig. 7C) , which demonstrating that Grb7 indeed influences the cell migration of A431 cells. Furthermore, while re-expressing Grb7 tyrosine phosphorylation-deficient mutants, Y188F and Y338F, in the lentivirus-transducing A431 cells, the inhibitory effect of cell migra- Results show reduction of pY118-paxillin, pS473-AKT, and pErk1/2 in the presence of the Grb7 tyrosine phosphorylation-deficient mutants, Y188F, Y338F, and R239L. B, NIH 3T3 cells with stably expressing Grb7 with pEGFP-FAK or its kinase-dead mutant were lysed and a fraction of which was analyzed by Western blotting (IB) using pErk1/2, total Erk1/2 antibodies, and polyclonal anti-FAK antibody (C-20). The remaining lysates were immunoprecipitated by polyclonal anti-HA antibody (Y-11) followed by Western blotting with phosphotyrosine antibody (PY99) and monoclonal anti-HA antibody (12CA5).
tion was less pronounced compared with the re-expression of wild-type Grb7 or control cells (Fig. 7D ). This implicated a pivotal role of phospho-Tyr-188 and phospho-Tyr-338 of Grb7 for cell motility in A431 cells, although we have found a modest effect of phospho-Tyr-188 compared with phospho-tyr338 in cell migration in A431 cells.
Because Grb7 is often co-amplified with Her2/ErbB2 in certain human cancers and tumor cell lines (7, 27, 28) , it implies the involvement of Grb7 in tumorigenesis. To furthermore evaluate whether Grb7 does play a role in mediating tumorigenesis in A431 carcinoma cells, we first asked whether Grb7 is required for A431 cell proliferation. Utilizing the BrdUrd incorporation assay as described above, we found that the knockdown of Grb7 resulted in an evident inhibition of cell proliferation in A431 cells compared with the lentivirus control (Fig. 8A) .
Then, an in vitro soft agar assay was performed to evaluate the requirement for Grb7 in tumorigenesis. Our data demonstrated that the loss of Grb7 expression in A431 cells could lead to the reduction of colony formation on soft agar, whereas both control lentivirustransducing cells and the parental cells retained comparable capabilities of anchorage-independent growth on soft agar (Fig. 8B) . Thus, our data imply a potential role for Grb7 as a promoter during oncogenesis of tumor cells. Collectively, these data suggest that Grb7 serves as a pivotal mediator downstream of integrin signaling in the regulation of cell migration and proliferation in cancer cells.
DISCUSSION
Grb7 is the stereotype member of the emerging Grb7 adaptor protein family with potential roles in cell migration and tumor progression. However, the molecular mechanisms and signal transduction pathways of Grb7-mediated cellular functions are yet to be elucidated. In this study, we identified that at least two tyrosine residues on Grb7, namely Tyr-188 and Tyr-338, were capable of being phosphorylated by FAK. Upon integrin activation, FAK could form a complex with Grb7 and that the phospho-Tyr-118 of paxillin and Erk1/2 phosphorylation, but less AKT activity, were affected through these two tyrosine sites of Grb7 phosphorylated by FAK, thereby regulating cell migration and proliferation. In addition, our data also demonstrated that FAK⅐Grb7-mediated signaling importantly took part in tumorigenesis in A431 cells. These findings provide further evidence to indicate how Grb7 responds to integrin activation mediated by its subsequent exploitation of tyrosine phosphorylation by FAK to affect a variety of downstream signaling targets in the regulation of cell migration, proliferation, and even tumorigenesis.
A number of protein kinase molecules enable interacting with Grb7 in response to their corresponding upstream stimuli and/or activations, fitting the molecular characteristic of Grb7 as an adaptor protein (see review in Ref. 5) . To further transmit the signals from these kinases into inside of a cell, one possible way for Grb7 is to become phosphorylated by these kinases directly. In fact, upon integrin activation, the recruitment of Grb7 by FAK could further lead to the tyrosine phosphorylation of Grb7 by FAK activity in a phospho-Tyr-397-dependent manner and in the prerequisite of phosphoinositides bound to the PH domain of Grb7 (21, 35) . However, the consequence and following downstream signaling events for Grb7 phosphorylated by FAK are largely unknown at present. By generating a serial Grb7 tyrosine to phenylalanine mutants (total of 12 tyrosine sites on Grb7, thereby 12 Tyr 3 Phe mutants were created), they allowed us to identify the potential phosphorylation site(s) in vivo by FAK in this study. Two of twelve tyrosine residues, corresponding to Tyr-188 and Tyr-338, were revealed as the phosphorylated tyrosine residues by FAK due to the diminished tyrosine phosphorylation levels compared with that of the wild-type Grb7 (Fig. 2) . Nevertheless, we could not rule out possible false-negative results by just measuring the phosphorylation levels of the point mutation mutants for each Grb7 tyrosine residue. It is very likely that the decreased phosphorylation levels of certain tyrosine mutant(s) might have been neglected because of the existence of multiple phosphorylation sites. Indeed, we could not consistently detect the tyrosinephosphorylated residue(s) within the SH2 domain of Grb7, although the SH2 domain has been shown capable of being phosphorylated by FAK as shown in Fig. 1B and the recent studies by Tsai et al. (24, 25) . Beside the SH2 domain, Siamakpour-Reihani et al. (23) have reported several phosphorylated tyrosine residues within the PH domains of Grb7 required for its interaction with four and half lim domains isoform 2, a transcriptional regulator linked with oncogenesis, although there is no clue which of the one or more kinases are responsible for the tyrosine phosphorylation of Grb7 in this event and in which none of the identified phosphotyrosine residues in their study matched with ours. To ensure the indentified Tyr-188 and Tyr-338 truly as being phosphorylated targets by FAK, an in vitro mass spectrometric analysis for phosphotyrosine mapping should be employed for validation. In our preliminary experiments for the in vitro mass spectrometric analysis, we retain an inconclusive result due to technical difficulty on erasing the high background of phospho-serine/threonine of the endogenous/exogenous Grb7. Nonetheless, our data still provide a strong support for tyrosine phosphorylation of Grb7 at Tyr-188 and Tyr-338 by FAK.
The crucial role of Grb7 phosphorylation at Tyr-188 and Tyr-338 in the integrin/FAK⅐Grb7 signaling axis is strongly substantiated by the dominant-negative effects of the tyrosine phosphorylation-deficient mutation (Tyr 3 Phe) as well as the reversal effect of the phosphorylated mimicry mutation (Tyr 3 Glu) of these tyrosine residues. Although there are slightly different effects by these two tyrosine phosphorylation sites on downstream signaling events (Fig. 6 ) and affecting differential levels of cell migration and proliferation (Figs. 3 and 4) , at present, we do not know how these two phosphorylation sites act together. Nevertheless, phosphorylation at both tyrosine residues is necessary for mediating FAK downstream events, and it is likely that a conformational change and/or interactions with downstream effector protein(s) require(s) the phosphorylation of both tyrosine sites (both sites are located within the GM domain, which has been shown to be essential for downstream signaling). Thus, structural analyses and comparison among these mutants and wild-type Grb7 ought to provide a clear insight. Interestingly, we have observed that these tyrosine phosphorylation-deficient mutants remain strong binding affinity with FAK in a phospho-Tyr-397-independent manner. Although previous studies suggested the requirement of phospho-Tyr-397 for interacting with Grb7, this phospho-Tyr-397-independent interaction between Grb7 and FAK is further warranted by the co-immunoprecipitation between less-/ unphosphorylated Grb7 and unphosphorylated Tyr-397 FAK while A431 cells were suspended and replated on poly-L-lysine (Fig. 7A) . The importance of this phospho-Tyr-397-independent interaction/complex between Grb7 and FAK remains to be clarified. However, the importance of Grb7 in FAK-mediated signaling in A431 is obvious, because knockdown of Grb7 affected the FAK activation (phosphorylation of Tyr-397, Fig.  7B ) and signaling (phosphorylation at Tyr-861 but not Tyr-925; data not shown). Hence, it again supports the potential role of Grb7 in tumorigenesis (Fig. 8) .
Grb7 is initially identified as a bound protein partner of the cytoplasmic domain of epidermal growth factor receptor (1). Since then, more than a dozen upstream receptors or kinases are reported to associate with Grb7 in response to corresponding cognate ligand binding and/or activation, including Her2/ ErbB2, platelet-derived growth factor receptor, insulin receptor, Met, EphB1, and FAK (see review in Refs 2, 4, 5). Conceivably, Grb7 ought to link with diverse downstream signal transduction pathways to transmit these upstream signals into the inside of a cell. In Fig. 6 , we have demonstrated that the tyrosine phosphorylation of paxillin at Tyr-118, Erk1/2 phosphorylation, and AKT activity, but less are altered in the tyrosine phosphorylation-deficient mutants compared with the wild-type Grb7, suggesting that these signaling molecules could act as downstream signaling targets in an integrin-FAK⅐Grb7 signaling axis. Indeed, the functional relevance modulated by these signaling targets is in concordance with Grb7-regulated cellular functions, such as cell migration, proliferation, and survival, which is also consistently demonstrated by several reports. For example, in breast cancer cells overexpressing both of HER-2/Neu and Grb7, it has been reported that Grb7 is capable of modulating AKT phosphorylation at both Thr-308 and Ser-473 to facilitate tumor growth (40) , correlating to the well characterized cell survival role for AKT. Moreover, the RA domain of Grb7 possessing the Ras-binding region similar to that in c-Raf (52) presents a high affinity in association with K-Ras and N-Ras (53). Since Ras proteins are well known small GTPases in mediating MAPK cascades, including Erk1/2 activation, it is possible for them to serve as candidates in directing the activation of Erk1/2 activation downstream of FAK⅐Grb7 complexes. Alternatively, the phospho-tyrosine residues on Grb7 could provide an additional binding site for other SH2 domain-containing signaling molecules or might change the affinity for interacting with its binding partners. The latter has been implicated in a recent study by Tsai et al. (24, 25) . The interaction of Grb7 with Hu protein, a component of stress granules, is modulated by the phosphorylation states of Grb7, of which the hypophosphorylated Grb7 bound to Hu protein but the hyperphosphorylated Grb7 by FAK lost the affinity with it. However, these links remain to be verified in future studies.
Constitution of FAK⅐Grb7 complexes is thought to be mediated by the interaction of the SH2 domain of Grb7 with the phospho-Tyr-397 of FAK in response to integrin activation (19, 35) . Surprisingly, we have noticed that Grb7 might bind to FAK in a phospho-Tyr-397-independent manner by the co-immunoprecipitation assays (Fig. 7A) . In particular, this phosphoTyr-397-independent interaction predominantly appeared during cell suspension or adhesion onto poly-L-lysine, presumably, under the circumstance of integrin inactivation, suggesting that a pre-complex of FAK and Grb7 might exist prior to FAK activation. In the light of integrin activation, Grb7, promptly and eventually, binds to the phospho-Tyr-397 of FAK at focal adhesion sites to form a proper signaling complex. Noteworthy, this scenario likely requires the tyrosine phosphorylation of Grb7 by FAK to accomplish the formation of an effective FAK⅐Grb7 signaling complex, because the tyrosine phosphorylation-deficient mutants could remain bound to non-phospho-Tyr-397 FAK (Fig. 5) . In this regard, the tyrosine phosphorylation of Grb7 by FAK not only accounts for its importance in transmitting signals as discussed above but also may enable release of the autoinhibitory mechanism of Grb7 proposed by the Lyons group (23) . Nevertheless, more studies are needed to establish and elucidate these possibilities in detail. To be noted, the tyrosine phosphorylation-deficient mutants used in this study, Y188F and Y338F, and the double mutation of both tyrosine residues (Y188F,Y338F), were found to act primarily as dominant negative mutants for FAK, because overexpression of these mutants blocked autophosphorylation of FAK at Tyr-397 and certain downstream signaling events, thereby providing a mechanism by which these mutants enable competition with wild-type Grb7 from binding to FAK due to lack of the proper binding site (phospho-Tyr-397) for Grb7 (Fig. 5) . Paradoxically, how do these mutants bind and retain their negative trapping effects on FAK while lacking the phospho-Tyr-397? Indeed, a similar question is raised during cell suspension or replating on poly-L-lysine as seen in Fig. 7A . As discussed above, these tyrosine-deficient mutants may exert a Tyr-397-independent preferential binding to an unidentified region of FAK as well as result in and maintained inactivation of FAK.
A number of reports have documented the involvement of Grb7 in tumor progression (7, 14, 38 -41) , however, it remains unclear how Grb7 takes part in tumorigenesis. In this study, we demonstrated that endogenous Grb7 plays a pivotal role in regulating cell migration, proliferation, and tumorigenesis in A431 carcinoma cell line (Figs. 7 and 8 ). Although overexpression of EGF receptor is thought as a main cause resulting in the tumorigenic phenomenon, knocking down Grb7 could lead to a reversal, thereby suggesting a role of Grb7 in tumorigenesis in A431 carcinoma as well (Fig. 7A and data not shown) . Indeed, the fact has been observed on the close association between EGF receptor and Grb7 (7). Beside, FAK enables being activated in response to EGF signaling as well (54) .Together, it is rationalized to speculate that the involvement of Grb7 in coherent with FAK activation in tumorigenesis. In agreement with the above speculation, our data have shown that Grb7 is required for tumorigenesis in the A431 carcinoma, thereby highlighting the importance of the FAK⅐Grb7 signaling complexes in tumorigenesis.
In conclusion, we have identified two phosphorylation tyrosine sites at Tyr-188 and Tyr-338 of Grb7 by using FAK, by which phospho-Tyr-118 of paxillin and phospho-Erk1/2 might be involved in the regulation of FAK-dependent cell migration and proliferation. In addition, a reciprocal regulation of FAK by Grb7 is evidently revealed to further illustrate a novel mechanism of FAK activation.
